We have successfully prepared H 2 Ti 12 O 25 by soft chemical synthetic technique using Na 2 Ti 3 O 7 as a precursor material. The crystal system is the monoclinic system, space group C2/m, and its lattice parameters were refined to be a = 12.4485(2) ¡, b = 3.74414(3) ¡, c = 19.9523(5) ¡ and ¢ = 95.244(2)°by electron diffraction pattern and powder X-ray diffraction pattern. 
Introduction
Titanium oxides such as spinel-type Li 4 Ti 5 O 12 and sodium bronze-type TiO 2 (B) have been extensively investigated as negative electrode materials for rechargeable Li-ion batteries.
1)4)
Recently, we demonstrated reversible electrochemical Li insertion and extraction behavior of hydrogen titanium oxide H 2 7) They were not able to determine the crystal structure of H 2 Ti 12 O 25 , but they reported about the crystal system and a part of the lattice parameters from electron diffraction pattern and powder X-ray diffraction pattern.
H 2 Ti 12 O 25 was previously prepared by heating H 2 Ti 3 O 7 at 553 K for 5 h in air 5) note that the H 2 Ti 3 O 7 precursor was prepared by ion-exchange treatment applied to corresponding sodium titanium oxide Na 2 Ti 3 O 7 .
7), 8) In the previously published paper, synthetic method, composition, coordination environment of hydrogen 8) and Li insertion-extraction property have been reported. From these results, in H 2 Ti 12 O 25 , it was certainly confirmed not to be a mixture materials. However, the crystal structure has not yet been determined. As we suppose that excellent cycle characteristics of that compound should resulting from some advantages in crystallographic features, we are motivated to study crystal structure of that compounds in detail.
In the present study, we estimated the crystal structure of H 2 Ti 12 O 25 by powder X-ray diffraction data, electron diffraction data and Monte Carlo method techniques. Second, we clarified preliminary electrochemical and optical properties of H 2 Ti 12 O 25 .
Experimental procedure 2.1 Sample preparation
In the present study, sample synthesis was carried out in three steps. First, the precursor Na 2 Ti 3 O 7 was prepared by a conventional solid state reaction, as previously published paper.
5)8) A mixture of Na 2 CO 3 (99.9% pure) and TiO 2 (99.99% pure) in a molar ratio of 1:3 was heated at 1073 K for 20 h in air. The resultant specimens were reground, and the same temperature program sequence was repeated once again. Next, the polycrystalline H 2 
Chemical characterization
The phase purity and crystal structure of the obtained samples were characterized by powder X-ray diffraction (XRD) profiles measured at room temperature with Cu K¡ radiation using a Rigaku RINT2550V diffractometer (operating conditions: 40 kV, 200 mA) equipped with a curved graphite monochromator. The XRD intensity data were collected for 1 s at each 0.03°step over a 2ª range from 5 to 80°. The lattice parameters of the precursor Na 2 Ti 3 O 7 , the starting H 2 Ti 3 O 7 and the product TiO 2 (B) were determined by Rietveld refinement using XRD data.
The chemical analysis of Ti, and residual Na contents from the starting materials was performed by inductively coupled plasmaoptical emission spectroscopy (ICP-OES, Varian, Inc., 730-ES). The density of the single crystals obtained was measured using a gas pycnometer (Shimadzu Accupyc 1330). The FTIR (Jasco, FT/IR-6100) spectrum was measured at room temperature by the KBr method.
Thermogravimetric analysis (TG) coupled to differential thermal analysis (DTA) was performed using a Rigaku Thermo Plus TGDTA apparatus. The experiments were performed by heating the H 2 Ti 3 O 7 sample (about 10 mg) from 292 to 1273 K at a heating rate of 10 K/min in air atmosphere. ¡-Al 2 O 3 powder was used as a reference material.
The solid-state 1 H magic-angle-spinning nuclear-magneticresonance ( 1 H-MAS NMR) spectrum of the H 2 Ti 12 O 25 sample was measured at room temperature at 300.208 MHz with a spinning rate 10 kHz for 1H nuclei using a Chemagnetics CMX-300 spectrometer. The pulse width was 4.2¯s (³/2 pulse). The chemical shift was recorded relative to polydimethylsiloxane (PDMS).
Crystal structure modeling
The crystal structure of H 2 Ti 12 O 25 was estimated with electron diffraction pattern by transmission electron microscopy (TEM) to evaluate the sample quality, lattice parameters, extinctions rules, and possible of superstructures. The detailed lattice parameters of H 2 Ti 12 O 25 were determined from Choen's method by XRD data. 9) Cohen's method is the classic method of calculating the precise lattice constant using both of method of extrapolation and the method of least squares. The crystal structure modeling of H 2 Ti 12 O 25 was performed by the Monte Carlo (MC) method using the space group, lattice parameters, composition and density data. The MC calculation was carried out with Endeavour code for the simulated annealing (SA) method. The crystal structure was drawn using a computer program VESTA.
10)

Physical property measurements
AC impedance measurement for H 2 Ti 12 O 25 was conducted using a Solartron 1260 impedance analyzer operating at 10 mV applied ac amplitude at 10 Hz13 MHz frequencies at room temperature in air. In the present study, the measurements were made for a powder compact under external pressure of 1.5 MPa. The size of the measurement holder was 10 mm in diameter and 0.5 mm thickness.
Optical absorption (UVvis) spectrum was measured using a Jasco V-550 spectrometer over the range 300600 nm at room temperature. From the intersection values of the baseline and absorption band edge in the obtained spectra, we estimated the band gap energy of H 2 Chemical analysis by ICP-OES were confirmed. The Na/Ti ratio of the precursor Na 2 Ti 3 O 7 sample was the stoichiometric composition. The residual Na contents of the H 2 Ti 3 O 7 sample was less than 0.02 wt %. This value was within the experimental error of the analysis. Figure 2 shows the TG curve, derivative thermogravimetric analysis (DTG) curve and DTA curve of H 2 Ti 3 O 7 from 292 to 1273 K. DTG curve shows a gentle curve in the vicinity of about 620 K. The observed weight loss (5.0 wt %) about 620 K was in good agreement with the calculated one (5.2 wt %) for the dehydration reaction as 4H 2 From the result of FT-IR absorption spectrum of the H 2 Ti 12 O 25 , the present sample was observed hydrogen-oxygen bond. On the other hand, water species was not observed. From the result of 1H-MAS NMR spectrum of the H 2 Ti 12 O 25 , there are two peaks (9.7 and 6.1 ppm) in NMR spectrum. This result suggesting two types of coordination environments around hydrogen in the structure. These results of spectroscopic were in good agreement with the previous report.
5)
Crystal structure of H 2 Ti 12 O 25
In order to probe crystal structure of H 2 Ti 12 O 25 , we take a selected are electron diffraction (SAED) patterns of typical plane by TEM. First, H 2 Ti 12 O 25 were investigated lattice parameters and space group by using an SAED pattern. Figure 3 shows SAED pattern. From this SAED pattern, the crystal structure is assumed disordered structure or misfit structure. However, we have focused only on the estimate of the average structure of the material in this time. In the results, the crystal structure information of H 2 Ti 12 O 25 is estimated the monoclinic system with an appropriate space group of Cm, C2 or C2/m, lattice parameters a = 12 ¡, b = 3.7 ¡, c = 20 ¡ and ¢ = 95°f rom SAED pattern of (a) and (b Journal of the Ceramic Society of Japan 124 [6] from SAED pattern data. Therefore, the index of these shape peaks in XRD pattern of H 2 Ti 12 O 25 were assumed 110 for 24.7362°and 020 for 48.5243°. Based on these relationships, the lattice parameters was refined using the choen method by putting the index to all peaks. As a result, the lattice parameters were refined a = 12.4485(2) ¡, b = 3.74414(3) ¡, c = 19.9523(5) ¡ and ¢ = 95.244(2)°. Finally, we performed an estimation of the crystal structure by the MC method. Figure 4 shows the crystal structure of H 2 Ti 12 O 25 that has been constructed by the MC method. All of the three-type TiO 6 octahedra were strongly distorted, and the TiO distances were in the wide range of 1.7982.420 ¡. A part of local structure in framework is similar to the TiO 2 (B), 4) and this crystal structure is not similar to Na 2 Ti 12 O 25 .
8) The calculated density of this structure is 3.510 g/cm 3 . This value is good agreement the measurement density Table 1 .
By the same method, we estimated the crystal structure in a state which lithium ions are inserted. Figure 5 shows the crystal structure of Li x H 2 Ti 12 O 25 . As a result, the chemical composition of the state which the lithium ions are fully inserted was estimated to be Li 10 H 2 Ti 12 O 25 . From the chemical composition, the theoretical capacity was calculated to 274.6 mAh/g. The value of the theoretical capacity is larger than the experimental data in previously published paper. 5) Therefore, we think that it is necessary to still improve as a material. Figure 6 shows the AC impedance plot of the pressed powder samples for H 2 Ti 12 O 25 at room temperature. The tail of impedance plots at a low-frequency side indicates the blocking of the electrodes for mobile H ions. The impedance plot at a high-frequency side shows single semicircle behavior for the H 2 Ti 12 O 25 sample. The conductivity could not be separated into bulk and grain boundary in the present experiments. The total protonic was estimated to be · total = 8.71 © 10 ¹9 S cm ¹1 at room temperature. However, I considered influence inter-particle, grain boundary, the adsorbed water is large in this measurement. We are trying to measure the conductivity of H 2 Ti 12 O 25 at high temperatures by low temperature sintered compact in now. Figure 7 shows the UVvis absorption spectrum of H 
Physical properties
Conclusion
Hydrogen titanium oxide H 2 Ti 12 O 25 was successfully prepared from H 2 Ti 3 O 7 as a parent compound via dehydration synthesis at 553 K. The phase purity and chemical composition were well characterized. The space group and lattice parameters were determined by electron diffraction pattern and X-ay diffraction pattern. The average crystal structure was estimated by Monte Carlo method using lattice parameters, space group, chemical composition and measurement density for the first time. 
